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Abstract : Dentin is altered in an age-related manner, such that transparent dentin 
in the tooth root forms during the aging process.  Notably, fractures are more 
likely to occur in aged teeth.  However, few studies have examined the mechani-
cal properties of aged dentin.  The purpose of this study was to investigate the 
structural and mechanical properties of the transparent dentin region, by analysis 
of the mineral density, using micro-computed tomography （micro-CT）, the tensile 
strength, and nanohardness to understand tooth fracture.  As experimental samples, 
10 caries-free, human molars were extracted from patients aged >50 years because 
of periodontal disease.  As controls, bovine lower central incisors were extracted 
immediately after sacrice from animals estimated at 2–2.5 years of age.  Mineral 
density was quantied with X-ray micro-CT analysis of transparent human dentin 
and normal bovine dentin.  Specimens were prepared from each tooth （human and 
bovine） and subjected to tensile strength testing; maximum load was used to cal-
culate strength, and mean tensile strength of the specimens was calculated in each 
group.  Finally, the nanohardness and Young’s modulus of intertubular dentin of 
the upper and apex root regions were investigated.  All results were compared by  
paired Student’s t-test （α= 0.05）.  The mineral density of transparent dentin was 
signicantly greater than that of normal dentin.  Importantly, the tensile strength 
of the transparent regions was signicantly lower than that of the normal regions, 
whereas the nanohardness and Young’s modulus of transparent intertubular dentin 
were signicantly greater than those of normal intertubular dentin.  Fractures of 
the teeth remain a major problem in clinical practice.  Notably, transparent dentin 
is weaker than normal opaque dentin, which may explain the occurrence of apex 
root dentin fractures in aged individuals.
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Introduction
　Teeth play critical functional roles in the body, and assessing their mechanical properties is 
important to understanding such roles.  Tooth fracture is a major problem in dentistry and the 
most common cause of tooth loss.  Teeth are composed of a crown and one or more roots, 
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with dentin the most abundant mineralized tissue by both weight and volume across the tooth 
structures 1）.  Thus, the mechanical properties of dentin provide useful information regarding tooth 
fracture.  
　Dentin is a hydrated biological composite comprising inorganic hydroxyapatite （HAP） crystal-
lites（5 nm thickness, 70% by weight）, organic type I collagen（50–100 nm diameter, 18% by 
weight）, and water（12% by weight）2）.  Dentinal tubules run continuously from the dentinoe-
namel junction（DEJ） to the pulp in the crown, and from the cementoenamel junction （CEJ） to 
the pulp canal in the root.  The tubule lumina are also surrounded by a collar of hypermineral-
ized peritubular dentin, with the substance between the dentinal tubules known as intertubular 
dentin 3, 4）.  
　Dentin also undergoes age-related changes, most notably apparent by the formation of trans-
parent dentin in the tooth root that typically starts at the apical end of the root and often 
extends into the coronal dentin5）.  Aged teeth are also more susceptible to fractures, increasing 
the importance of the age-related alterations in dentin.  Unfortunately, studies regarding the 
mechanical properties of aged dentin are scarce.  There is some evidence that both the fracture 
toughness of transparent dentin and fatigue strength of aged dentin are lower than normal in 
young dentin 6）, and tensile or fatigue strength testing has long been used as a method to test 
tooth strength 7-10）.  Importantly, there are scarce data regarding the tensile strength of transpar-
ent dentin in aged human teeth.
　Dentin transparency is a commonly observed pathology in aged teeth; however, it remains 
unclear whether corresponding alterations are apparent in the intertubular dentin matrix.  Nano-
hardness as well as Young’s modulus 11） enable investigation of tooth structure in the dentin region. 
Additionally, transparent dentin represents increased mineralization of the dentin matrix 6）.  Micro-
CT is a useful method to observe and clear mineral density 12-15）; thus we aimed herein to inves-
tigate the structural and mechanical properties of the transparent dentin region（tensile strength, 
nanohardness, and micro-CT）to better understand the nature and timing of tooth fracture.
Materials and methods
Materials
　Ten extracted human premolars and molars were obtained from patients aged > 50 years（52-
73 years）following the receipt of informed consent.  Importantly, the molars were extracted 
because of periodontal disease.  The protocol of this study was approved by the Ethics Commit-
tee of Showa University School of Dentistry（2008-26）.  
　Ten bovine lower central incisors were also extracted immediately after sacrice from animals 
estimated to be 2–2.5 years old, based on their dental age.  Human and bovine teeth were 
stored in Hank’s balanced saline solution（HBSS）at 4°C, and were used within 1 month of 
extraction, in accordance with previous reports 7-9）.
Measurement of mineral density 
　We quantied the mineral density of dentin in the human（Group 1）（transparent region） 
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and bovine（Group 2）（normal region）teeth using micro-CT analysis, as shown in Figure 1 
and  Table 1.  The region of interest （ROI） was from the apex to 5.0 mm coronal to the crown 
area in all teeth.  Specimens were scanned at 50 keV and 80 µA using an X-ray micro-CT 
system （SMX-90, Shimadzu, Kyoto, Japan）, with rotation through 360° in steps of 0.2°.  An alu-
minum lter was placed in front of the detector to remove low-energy X-rays, and 3D software 
（TRI/3D-BON, Ratoc System Engineering Company Limited, Tokyo, Japan）was used to visualize 
and analyze the mineral density, in accordance with a previous report 12）.  Mean mineral density 
values were compared by paired Student’s t-test; P < 0.05 was considered signicant.
Preparation of specimens
　All teeth were sectioned midway along the distal portions of the buccolingual plane along 
the axis of the tooth using a diamond saw（Isomet, Beuhler, Lake Bluff, IL, USA）（Figure 2）. 
Figure 3 depicts a control human tooth aged appropriately.  One dentin slab, approximately 
1-mm thick, was cut from each tooth, and a rectangular block, as shown in Figure 2（3.0 × 3.0 ×
1.0 mm）, was obtained from the root apex region.  Dumbbell-shaped specimens（central portion; 
1.0 × 1.0 × 1.5 mm）from each slab were then prepared using a custom-made proling machine 
and stored in HBSS to maintain moisture 7-9）.
Table 1.  Experimental groups for mineral density 
measurements and tensile test
Groups Tooth Type
1 Human teeth
2 Bovine teeth
Fig. 1.  Schematic representation of the region of interest （ROI） for each 
tooth.  （A） human tooth and （B） bovine tooth.
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Tensile strength test
　Specimens were placed on a universal testing machine（EKO Instruments Co., Ltd., Tokyo, 
Japan）immediately after preparation 7-9） and stored in 37 ± 0.5°C HBSS during the tensile 
strength test.  The maximum load was used to calculate strength.  Ten specimens in each experi-
mental group were tested, and mean tensile strength was calculated in each group（Figure 4）. 
The results were compared by paired Student’s t-test （P < 0.05）.
Fig. 2.  The locations of tensile test specimens from a 
human molar tooth （left image）and a bovine 
incisor tooth （right image）.  In human teeth 
（left）, the two areas of nanohardness and 
Young’s modulus measurements were designated 
as upper root and apex root.
Fig. 3.  Typical transparent dentin in human teeth
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Nanohardness and Young’s modulus test
　After tensile testing of the human teeth, the remaining specimens were used for nanohardness 
and Young’s modulus measurements of intertubular dentin of the upper and apex root regions, 
as indicated in Figure 2 and Table 2.  Specimens were trimmed with indentation positions as fol-
lows: 
　Group 3: upper root region in human teeth, 1.0 mm midway from the outer surface and 1.0 mm 
below the CEJ.  
　Group 4: apex root region in human teeth, 1.0 mm midway from the outer surface and 1.0 mm 
above the apex.
　A hardness tester （DUH-W201, Shimadzu, Kyoto, Japan） attached to a Berkovich indenter 
and a three-sided pyramid diamond probe was used, with the specimen surface orientated paral-
lel to the stage.  Nanohardness and Young’s modulus were measured using a force up to 5 mN 
to create a supercial indent on the specimen surface in accordance with a previous report 11）.
Results
Mineral density of transparent dentin region
　The mineral densities of each group are shown in Figure 5， depicted as mean and standard 
deviation.  The mineral density of transparent dentin within the ROI in human teeth was 1732.6 
Fig. 4.  Preparation for tensile test for 
specimen
Table 2.  Experimental groups for nanohardness and
Young’s modulus measurements
Groups Tooth Type Location
3 Human teeth Upper root
4 Human teeth Apex root
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± 45.3 mg/cm3, whereas that of normal dentin within the ROI （bovine teeth） was 1388.7 ± 65.8 
mg/cm3.  The mineral density of transparent dentin（human teeth）was signicantly greater than 
that of normal dentin（bovine teeth）as shown in Figure 6.
Tensile strength of transparent and normal regions in the tooth root
　The tensile strengths of the two groups are shown in Figure 7.  The mean tensile strength was 
Fig. 6.  Pseudo-color three-dimensional images of teeth generated from 
micro-CT data of human（A） and bovine teeth（B）
Fig. 5.  Mineral density of human（1） and bovine teeth（2）
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signicantly lower in the transparent regions at 56.4 ± 3.3 MPa compared to the normal regions 
at 78.6 ± 4.8 MPa （P < 0.05）.
Nanohardness and Young’s modulus of transparent and normal dentin
　The measured nanohardness and Young’s modulus are indicated in Figures 8 and Figure 9, 
respectively, with nanoindentation test results shown for transparent （apex root） and normal 
intertubular dentin（upper root）at two locations of each tooth.  Mean nanohardness and 
Young’s modulus were signicantly different between the dentin types（P < 0.05）.  The nanohard-
ness of transparent dentin was 1.0 ± 0.05 GPa and that of normal dentin was 0.8 ± 0.02 GPa. 
Additionally, the Young’s modulus of transparent dentin was 25.3 ± 2.1 GPa and that of normal 
dentin was 22.4 ± 1.1 GPa.  The nanohardness and Young’s modulus of transparent intertubular 
dentin were thus greater than those of normal intertubular dentin.
Discussion
　These results conrm that transparent dentin has a lower tensile strength than normal dentin, 
and that the altered dentin showed increased values for mineral density, nanohardness and 
Young’s modulus.
　We used teeth from humans aged over 50 years based on reports of the point of aging in 
Fig. 7.  Tensile strength of human （1） and bovine teeth （2）
Fig. 8.  Nanohardness of the upper （3） and apex （4） roots in human 
teeth
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terms of teeth 16）.  In this study, we used bovine teeth to compare normal dentin with trans-
parent dentin because bovine teeth are a good model for human teeth in dental research 17）. 
Furthermore, it is easier to collect the same types of bovine teeth, of the same age, in sufcient 
numbers, while individual history and hereditary characteristics vary much less among bovine 
teeth than among humans because of selective breeding of cattle in Japan 17）.  Additionally, apical 
translucency was conrmed in the youngest age group（16 years）in human teeth 18）, whereas in 
cattle of 2.0-2.5 years of age, permanent teeth erupt soon after deciduous teeth and thus, there 
is no effect of aging.  The strength of bovine dentin does not apply to humans, and anisotropic 
tensile strength of crown dentin differs between bovine and human teeth because of incremental 
lines 7）.  Nevertheless, bovine dentin is a well recognized substitute for human dentin in adhesive 
dentistry 19）. 
　Tensile strength of dentin varies according to the location and orientation of dentinal tubules 
in the tooth 20-22）, with the tensile strengths of radicular dentin signicantly greater than those of 
coronal dentin along the tooth axis.  Thus, the tensile strength of dentin was strongest in bovine 
teeth in this study, although the tensile strength of transparent human dentin was lower than 
that of bovine dentin, possibly reecting an effect due to the aged intertubular dentin （Figure 8）. 
Our study also conrmed that transparent dentin is harder than normal dentin.  According to a 
previous report, coronal intertubular dentin is harder than radicular intertubular dentin 11）.  Fur-
ther, the tensile strength of coronal dentin is lower than that of radicular dentin 20）.  The harder 
the intertubular dentin, the lower the tensile strength of dentin.  Thus, the tensile strength of 
transparent dentin is lower than that of normal dentin.  
　In this study, transparent intertubular dentin was harder than normal dentin, possibly indicating 
a lower tensile strength; however, the nanohardness and Young’s modulus of normal human den-
tin（0.8 GPa and 22.4 GPa）and transparent human dentin（1.0 GPa and 25.3 GPa）are reportedly 
greater than those of bovine radicular teeth（0.6 GPa and 20.8 GPa）11）.  Notably, lower tissue 
mineral content correlates with lower modulus and nanohardness.  Additionally, in this study, we 
examined the hardness and Young’s modulus of the intertubular dentin, but not those of peritu-
bular dentin, because intertubular dentin dominates the strength value of dentin 11）.  Furthermore, 
in aged dentin, the transparent dentin（apex root）and normal dentin （opaque upper root） 
Fig. 9.  Young’s modulus of the upper （3） and apex （4） roots 
in human teeth
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differ with respect to nanohardness and Young’s modulus.  The mechanical properties of dentin 
thus become structurally localized with aging.  Finally, the fracture toughness of aged dentin, as 
measured in a previous report, was found to be lowered by roughly 20% 23）.  In our study, the 
tensile strength of aged dentin was lower than that of normal dentin, which is agreement with 
the previous study.    
Conclusion
　Fractures of the teeth remain a major problem in clinical practice.  An understanding of struc-
tural tooth strength is therefore important to improve our understanding of tooth fractures.  We 
found herein that transparent dentin is weaker than normal opaque dentin, possibly explaining 
the occurrence of apex root dentin fractures in aged individuals.
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